Effects of fluorine doping on the diffusion of interstitial oxygen molecules (O 2 ) in amorphous SiO 2 (a-SiO 2 ) were compared to those obtained from a-SiO 2 containing SiOH groups. Incorporation of moderate concentration (∼10 19 cm −3 ) of SiF groups gives rise to minor changes in diffusion parameters between 800 and 1100 • C: only a slight decrease in solubility and an increase in the activation energy for diffusion can be detected. Incorporation of SiOH groups has similar weak effects on the solubility and activation energy for diffusion. These minor changes are most likely due to the enhancement of the flexibility of local Si-O network as a result of the dissociation of the network by SiOH and SiF groups. However, in contrast to the SiF doping, SiOH doping leads to a notable decrease in the diffusion coefficient. The heat of solution changes by ∼0.1-0.2 eV at ∼1000 • C and it is attributed to the glass transition of a-SiO 2 .
INTRODUCTION
Amorphous SiO 2 (a-SiO 2 ) is widely used as gate dielectric films for silicon microelectronic circuits, optical fibers for telecommunication, and optical components in excimer laser photolithography. Fluorine is one of the most important dopant for a-SiO 2 used as such devices, because moderate fluorine doping increases the radiation hardness of a-SiO 2 [1] [2] [3] [4] , suppresses the electrical breakdown of the gate dielectric films, and improves the optical transmittance near the absorption edge of a-SiO 2 located at hν 8 eV [5] . These improvements are mainly due to the breaking up of Si-O network by Si-F bonds. It decreases the viscosity of a-SiO 2 [3] and enhances the structural relaxation [6, 7] , facilitating the removal of "strained" Si-O-Si bonds, which are considered to be a major source of point defects in a-SiO 2 [8] [9] [10] [11] [12] [13] . Furthermore, Si-F bonds themselves are stronger than Si-O bonds that build the a-SiO 2 network and are hardly decomposed. Thus, radiation hardness of fluorine-doped a-SiO 2 is better than that of a-SiO 2 containing other network modifiers, such as SiOH and SiCl groups. Similarly to SiF groups they enhance the structural relaxation, however, they can be converted to point defects under radiation or electrical stress.
Oxygen molecules dissolved in interstices of Si-O network (interstitial O 2 ) are the main mobile oxygen species in a-SiO 2 [14] [15] [16] . They play a key role in thermal oxidation of silicon [17] and radiation induced defect processes in a-SiO 2 [18] ) is populated using a continuous-wave laser light at a wavelength of 765 nm [20] . The sensitivity is sufficient to detect interstitial O 2 incorporated during thermal annealing in air [21] , offering an easy and straightforward way to quantitatively study the thermal diffusion of interstitial O 2 in a-SiO 2 [22] . Furthermore, this PL method is precise enough to evaluate the variations of the solubility and diffusion coefficient of interstitial O 2 with the incorporation of ∼10 20 cm −3 SiOH groups [18, 23] , which are the most common network modifiers in synthetic a-SiO 2 .
The purpose of the present study is to examine the influence of the incorporation of SiF concentration. Figure 1 shows the variation of C a with annealing time t at 800, 900, 1000, or 1100
RESULTS
• C.
C a was proportional to t 1/2 at small t, and saturated at a constant value at large t. This observation indicates that the dissolution of O 2 from air is much faster than the following O 2 diffusion in a-SiO 2 [22] and is consistent with previous results [22, 23] . Thus, the observed variation of C a with t was simulated well by an equation describing the simplest one-dimensional diffusion in a parallel sheet of a thickness L [24] , The D and S values derived from the data shown in Fig. 1 are plotted in Fig. 2 and are referred to as "F-doped". Both log D and log S were almost proportional to the reciprocal of the absolute temperature T , with slight deviations starting to appear above ∼1000 • C in the S plot. Apart from the point at 1100
• C in the S plot, these data were fitted to the simple Arrhenius-type relations
to evaluate the activation energy for diffusion ∆E a , the heat of solution ∆H, and the preexponential factors D 0 and S 0 . k in Eqs. (2) and (3) denotes the Boltzmann constant. The calculated parameters are listed in Table I . The experimental uncertainties of ∆E a and D 0
were larger for the F-doped sample than for the LowOH and HighOH samples reported previously [18, 23] , because the temperature range used for the fitting of the F-doped sample data was narrower. The diffusion of molecular species in solids has been studied well for amorphous organic polymers, and these results may provide insight into the diffusion of molecular species in a-SiO 2 . In amorphous organic polymers, ∆H above the glass transition temperature (T g ) is generally larger (i.e., smaller by absolute value since ∆H is negative) than that below T g [25] . It is explained by postulating that the main dissolution mechanism below T g is exothermic trapping of molecules in relatively rigid interstitial voids. Above T g , these voids are considered to be destroyed by the enhancement of the thermal motion of the network,
indicating that heat to form voids is additionally needed to incorporate molecules. In aSiO 2 , a change in ∆H is observed at ∼1000
• C in all samples we measured [ Fig. 2(b) ]. All these samples became deformed by viscous flow at 1200
• C, indicating that T g is lower than 1200
• C. The measurements of the specific volume [26] , the heat capacity [26, 27] , and the light scattering intensity [28] show that T g of a-SiO 2 is ∼1000-1200
• C, and that T g decreases with an increase in the concentration of the network modifiers [28] . Although the reported T g values are slightly higher than the observed change in ∆H at ∼1000
• C, we suggest that the ∆H change is due to the glass transition of a-SiO 2 . Similar temperature difference can be observed for organic polymers with multiple relaxation processes [29] . Thus, the ∆H change may be related to structural rearrangements of local network domains (subrelaxation) below T g , which is promoted by the presence of network modifiers, such as SiOH, SiF, and SiCl groups [30, 31] .
The network modifiers dissociate the Si-O network and increase its flexibility, thus enhancing the local thermal motion around them [28] . This enhanced local thermal motion may collapse interstitial voids, with a mechanism similar to the destruction of the voids above T g . The total concentration of the network modifiers in our samples increases in the order of LowOH, F-doped, and HighOH. This mechanism may explain the observed decrease in S in this order.
In amorphous organic polymers ∆E a above T g is generally larger than that below T g .
It is attributed to a larger jump distance of a molecule above T g . A theory that describes the diffusion based on this mechanism predicts that the increase in ∆E a is equal to ∆H above T g minus ∆H below T g [32] . However, the changes in ∆E a actually observed for the diffusion of O 2 in poly(vinyl acetate) [33] and poly(ethylene terephthalate) [32] are ∼1/2 of those expected by the theory. If similar mechanism were effective in a-SiO 2 , the change in ∆E a at T g would be ∼0.1 eV. Considering the number of the data points and the experimental uncertainty shown in Fig. 2(a) , the changes in ∆E a at T g are no larger than ∼0.1 eV in a-SiO 2 samples we measured. However, changes in ∆E a less than ∼0.1 eV cannot be excluded. Nonetheless, the observed increase in ∆E a with an increase in the concentrations of the network modifiers may be related the increase in the network flexibility Calculated from data at 1000 • C or less. Updated from Ref. [23] with the thermal desorption data reported in Ref. [18] . Calculated by least squares fit of the data listed in Table 2 of Ref. [37] . 
